The kinetics and thermodynamics of intramolecular electron transfer (IET) can be subjected to redox control in a bistable [2] rotaxane comprised of a dumbbell component containing an electron-rich 1,5-dioxynaphthalene (DNP) unit and an electron-poor phenylenebridged bipyridinium (P-BIPY 2þ ) unit and a cyclobis (paraquatp-phenylene) (CBPQT 4þ ) ring component. The [2] rotaxane exists in the ground-state co-conformation (GSCC) wherein the CBPQT 4þ ring encircles the DNP unit. Reduction of the CBPQT 4þ leads to the CBPQT 2ð•þÞ diradical dication while the P-BIPY 2þ unit is reduced to its P-BIPY •þ radical cation. A radical-state co-conformation (RSCC) results from movement of the CBPQT 2ð•þÞ ring along the dumbbell to surround the P-BIPY •þ unit. This shuttling event induces IET to occur between the pyridinium redox centers of the P-BIPY •þ unit, a property which is absent between these redox centers in the free dumbbell and in the 1∶1 complex formed between the CBPQT 2ð•þÞ ring and the radical cation of methyl-phenylene-viologen (MPV •þ ). Using electron paramagnetic resonance (EPR) spectroscopy, the process of IET was investigated by monitoring the line broadening at varying temperatures and determining the rate constant (k ET ¼ 1.33 × 10 7 s −1 ) and activation energy (ΔG ‡ ¼ 1.01 kcal mol −1 ) for electron transfer. These values were compared to the corresponding values predicted, using the optical absorption spectra and Marcus-Hush theory.
T he simplest organic intervalence compounds consist (1) of two redox centers (X) which are connected by a covalent bridge (b) wherein the two centers possess oxidation states that range from being equal ( nþ0.5 X − b − X nþ0.5 ) to differing by as much as one unit ( n X − b − X nþ1 ). According to the Robin-Day classification (2) , there are three main types of organic compounds, which can be defined by the degree of the electronic coupling element, H, that exists between the two interacting redox centers. Compounds that exhibit low electronic coupling between each X redox center have localized charges and exhibit no intramolecular electron transfer (IET) are classified as Class I systems ( n X − b − X nþ1 , H ¼ 0), whereas those that possess a strong electronic coupling between X redox centers and undergo complete delocalization of charge and fast IET are considered Class III systems ( nþ0.5 X − b − X nþ0. 5 , H ≫ 0). In between these two classifications lie Class II systems, where the electronic coupling between X redox centers is moderate, leading to a mixture of charge between each unit as well as a measurable IET event.
In the 1960s, Marcus (3-6) developed a theory for electron transfer in bridged transition metal-coordinated complexes by identifying the reorganizational energy, λ, required for solvent polarization and subsequent electron transfer between two metal centers. Shortly thereafter, Hush (7) (8) (9) proposed a theoretical method that could be applied to Class II intervalence compounds by focusing on the low-energy intervalence charge transfer (IT) bands in optical absorption spectra, where the band maximum is equal to the reorganization energy (i.e.,ṽ max ¼ λ) and H (cm −1 ) can be calculated using Eq. 1 where Δṽ 1∕2 is the IT band width at half height for a Gaussian-shaped band, ε max is the extinction coefficient at the band maximum, and r is the distance (Å) over which the electron transfer takes place
Marcus-Hush theory is now widely applied to the study of electron transfer in a plethora of organic-based mixed-valence systems in order to understand (i) spatial interactions between redox centers (10) (11) (12) ; (ii) the use of different solvents and counterions (13) (14) (15) ; and (iii) how the existence of covalent bridges (16, 17) affects the kinetics (k ET ) and thermodynamics (ΔG ‡ ) of electron transfer. In this article, we demonstrate how the switching mechanism present in a molecular shuttle-comprised of a bistable [2] rotaxane (R 6þ ) (Fig. 1) , where the ring component consists of cyclobis (paraquat-p-phenylene) (CBPQT 4þ ) (18)-can induce IET in a phenylene-bridged bipyridinium Fig. 1 . The structural formula of the bistable [2] rotaxane R 6þ along with a graphical representation of the shuttling mechanism. In the starting state (GSCC), the CBPQT 4þ ring encircles the DNP unit. Upon two-electron reduction, the CBPQT 2ð•þÞ ring moves along the dumbbell to the P-BIPY 2þ unit. A one-electron reduction of the P-BIPY 2þ unit to the radical cation P-BIPY •þ leads to the formation of the RSCC, an event which initiates IET between the redox centers in the P-BIPY •þ unit.
(P-BIPY 2þ ) unit in the dumbbell as a consequence of a threeelectron reduction, leading to the formation of a trisradical tricationic radical state co-conformation (RSCC). Here, we report the synthesis of the bistable [2] rotaxane and how its induced IET has been characterized by (i) cyclic voltammetry (CV), (ii) UV/Vis/near-IR absorption spectroscopy, and (iii) variable temperature (VT) electron paramagnetic resonance (EPR) spectroscopy. In addition, the line broadening in the EPR spectra has led to our obtaining values for k ET and ΔG ‡ which have been compared with those calculated using the optical absorption data and Marcus-Hush theory.
Results and Discussion
Synthesis of the Bistable [2] Rotaxane. Although there are numerous examples of "extended viologens" in the literature (19) (20) (21) (22) (23) (24) (25) where their electrochemical behavior and/or propensity for electron transfer has been investigated as a result of chemical or structural modifications, there are no examples to our knowledge where IET has been investigated in the context of mechanically interlocked molecules (MIMs). The design of the bistable [2] rotaxane R 6þ ( Fig. 1 ) was based on previously reported (26-28) MIMs. Scheme 1 details the stepwise procedure for the synthesis of R • 6PF 6 . In the first step, 2.0 equiv of the commercially available boronic ester 1 was coupled to 1,4-dibromobenzene by way of a Pd-mediated Suzuki coupling to afford the previously reported (29) 4,4′-(1,4-phenylene) bispyridine (2), which was subsequently alkylated to give the "extended" viologen precursor 3 • 2PF 6 after counterion exchange. In the next step, the azide-functionalized stopper precursor 4 (26) was coupled to 3 • PF 6 using Cu-mediated click chemistry to obtain the asymmetric viologen precursor 5 • 2PF 6 . In the final step, CBPQT • 4PF 6 is added to 5 • 2PF 6 and the previously reported DNP derivative 6 (26) to give the final rotaxane R • 6PF 6 in 24% yield. A more detailed synthetic procedure is available in the SI Appendix, along with the 1D and 2D nuclear magnetic resonance (NMR) spectroscopic data (SI Appendix, Figs. S7 and S8, respectively) for R • 6PF 6 and its dumbbell component (DB • 2PF 6 ).
Cyclic Voltammetry. The CV ( Fig. 2A) of MPV 2þ possesses two closely overlapping one-electron cathodic waves, observed as a single broad peak centered around −0.91 V, as reported by Takahashi (21) . The fact that the reduction potentials for the two redox centers are nearly identical is a strong indication that they behave independently of one another and so represent noncommunicating redox centers (30) , characteristic of Class I systems. The CV (Fig. 2B ) of CBPQT 4þ shows that the diradical dicationic CBPQT 2ð•þÞ ring is formed after a single two-electron reduction at −0.29 V. To gauge the interaction between MPV
•þ and CBPQT 2ð•þÞ in a purely supramolecular context, a CV titration was performed (SI Appendix, Fig. S2 ) wherein MPV • 2PF 6 was added slowly to an Ar-flushed 1 mM MeCN solution of CBPQT • 4PF 6 -employing 0.1 M TBAPF 6 as supporting electrolyte-in 0.1 mM aliquots (scan rate ¼ 200 mV∕s). This experiment demonstrates that there is little noncovalent interaction in the case of the [2] pseudorotaxane that is formed between MPV •þ and CBPQT 2ð•þÞ as evidenced by the lack of significant shifting and splitting in the reduction potentials, and only a slight emergence of a new reduction wave at −0.57 V corresponding to the RSCC.
By contrast, the CV (Fig. 2C ) of the mechanically interlocked rotaxane R 6þ reveals a dramatic splitting of the redox waves as a result of the noncovalent bonding interactions between the P-BIPY
•þ unit in the dumbbell and the CBPQT 2ð•þÞ ring leading to the formation of the RSCC. Building on previous research (26, 31) , the four redox processes (dashed lines) can be assigned in Fig. 2 . The first at −0.32 V is a result of a two-electron reduction to give the CBPQT 2ð•þÞ ring, which serves as the driving force for the switching (Fig. 1) . The next redox wave at −0.59 V signifies the first one-electron reduction of P-BIPY 2þ to P-BIPY •þ -an observation which contrasts with the single two-electron wave observed at −0.91 V for the MPV 2þ analogue-leading to the formation of the trisradical R 3ð•þÞ at this potential. This assignment is corroborated by the EPR and UV/Vis/NIR spectroscopic data. In the RSCC, there are spin-pairing effects which lead to the P-BIPY
•þ unit interacting with one BIPY This overall assignment of the CV data shows that switching is driven by the formation of R 3ð•þÞ in the RSCC. Moreover, the splitting of the reduction potentials, defined as ΔE ¼ E 1∕2 ð2Þ − E 1∕2 ð1Þ, where E 1∕2 ð2Þ ¼ −1.1 V and E 1∕2 ð1Þ ¼ −0.59 leads to a ΔE ¼ −0.51 V, represents the magnitude of the Gibbs free energy (
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P-BIPY 2þ and P-BIPY 0 shown in Eq. 2, where F is Faraday's constant and ΔG disp ¼ −11.8 kcal mol
Taking into consideration the fact that the resonance stabilization (ΔG r ) of the intrinsic electronic interaction between the redox centers constitutes the major contribution between the radical cation P-BIPY
•þ and the neutral P-BIPY 0 , i.e, ΔG r ≈ ΔG disp (33) (34) (35) , the electronic coupling between the two redox centers can be obtained using Eq. 3
where the Marcus reorganizational energy is λ ¼ 7;326 cm −1
(measured from the electronic spectra, Fig. 3A ), yielding an electronic coupling element of H ¼ 3;881 cm −1 . This value is considered (10, 36, 37) to be an upper limit of the electronic coupling because the other stabilizing factors-statistical, electrostatic, and inductive-were considered minor contributors to the overall energy relative to the resonance stabilization ΔG r and were therefore excluded. In order to fully understand the electrochemical and IET properties of R 6þ as a result of the switching mechanism in the molecular shuttle, two sets of spectroscopic experiments will be discussed wherein the electronic coupling element H, the activation energy for electron transfer ΔG ‡ , and the first-order rate constant for electron transfer k ET are predicted by applying Marcus-Hush theory to the experimental values obtained from the IET band in the optical absorption spectrum and by measuring the dynamic line broadening in the VT-EPR spectra.
UV/Vis/NIR Spectroscopy. The switching and the induced IET properties of the mixed-valence P-BIPY •þ unit in the RSCC were probed (Fig. 3) further using UV/Vis/NIR spectroscopy. As pointed out by Hush (7) (8) (9) , it is possible to use the optical transition energy of the IT band at maximum absorption in order to assess the overall energy necessary for inner-and outer-sphere reorganization-namelyṽ max ¼ λ-and therefore be able to predict the electronic coupling element H using Eq. 1. In order to switch on IET in R 6þ , an excess of Zn dust stirred overnight in a 0.1 mM MeCN solution of R • 6PF 6 in place of electrolysis so that full conversion to R 3ð•þÞ could be achieved, leading to the reduction of both the CBPQT 4þ ring and the P-BIPY 2þ unit to CBPQT 2ð•þÞ and P-BIPY •þ , respectively. The spectrum of this reduced solution is shown as the purple trace in Fig. 3A and the broad Gaussian-shaped band centered at 1,365 nm is indica- Fig. 3 . UV/Vis/NIR Optical absorption spectra for the oxidation of R 3ð•þÞ to R 2þ2ð•þÞ (A) and the oxidation from R 2þ2ð•þÞ to R 6þ (B) in MeCN at 298 K following the overnight treatment of R • 6PF 6 with Zn dust in a glove box. The spontaneous oxidation by air of the RSCC happened over the course of 6 h. The Inset in B shows the disappearance of the charge-resonance absorption band centered at 1,059 nm, as the bistable [2] rotaxane returns to its fully oxidized state (GSCC). These spectra were recorded consecutively in a 1 cm UV/Vis cell using a 0.1 mM solution of R • 6PF 6 . tive where κ is the electronic transmission coefficient (κ ≈ 1 for strongly coupled, adiabatic redox centers) (1), ν n is the nuclear vibration frequency associated with electron transfer (36)-wherein Kochi et al. (17, 35) used ν n ¼ 10 12 s −1 for phenylenebridged mixed-valence radical cations-R is the gas constant, and T is the temperature (298 K). The result of this calculation gives the predicted rate constant as k ET ¼ 4.40 × 10 9 s −1 , in keeping with a fast process. The RSCC (purple trace) begins to oxidize in such a manner that the P-BIPY •þ unit is converted firstly back to P-BIPY 2þ as evidenced by the disappearance of the IET band at 1,365 nm, as well as the radical P-BIPY •þ absorption centered at 737 nm. The increase in the band centered at 607 nm (blue trace) can be attributed to the electronic absorption of CBPQT 2ð•þÞ -as was previously reported (26) and also assigned spectroelectrochemically in this investigation (SI Appendix, Fig. S3 ). This transition between redox states is also supported by the observation of two isosbestic points at 547 and 665 nm where the purple and blue traces intersect. It is important to note that, as the IET band decreases, it blueshifts by slightly more than 300 nm (Fig. 3B , Inset) to a lowly absorbing broad charge resonance band centered on 1,059 nm. This band provides support for the hypothesis that the R 2þð2•þÞ begins with the CBPQT 2ð•þÞ on the dicationic P-BIPY 2þ unit and participates in some degree of through-space resonance over the three bipyridinium-based units before the CBPQT 2ð•þÞ ring is completely oxidized. During the oxidation of CBPQT 2ð•þÞ , the band at 607 nm also blue shifts to 520 nm, which corresponds to the transition from CBPQT 2ð•þÞ in R 2þ2ð•þ1Þ to CBPQT 4þ in R 6þ , where, as a result of Coulombic repulsion, the ring shuttles onto the DNP unit and charge transfer associated with the GSCC ensues.
Further affirmation that the switching of the shuttle-and consequently the enforced noncovalent bonding interactions between the CBPQT 2ð•þÞ ring and the P-BIPY •þ unit in the mechanically interlocked R 6þ -is responsible for the observed IET parameters is provided by two (SEC) analyses. The first experiment entails an attempt to form the [2] pseudorotaxane comprised of CBPQT 2ð•þÞ and MPV •þ by way of treatment with Zn dust (0.1 mM for both CBPQT • 4PF 6 and MPV • 2PF 6 ). The resulting UV/Vis/NIR spectrum (SI Appendix, Fig. S4 ), however, is void of any broad IET bands in the NIR region, but rather possesses a charge-resonance band centered on 1,059 nm and a band at 607 nm-very similar to the spectrum in Fig. 3B . This observation corroborates the findings of the CV analysis wherein there is little evidence for the interaction between the mixture of non-interlocked species. The results of this first SEC investigation reveal the necessity of the mechanical bond in order to enforce the interactions that are responsible for switching on and off IET in the P-BIPY
•þ unit. The second SEC analysis began with the oxidized form of the dumbbell component (DB 2þ , SI Appendix, Fig. S5 , violet trace) of R 6þ . In order to try to access the monoradical and determine whether any IET could occur without the cooperative assistance of the CBPQT 2ð•þÞ ring, a potential of −0.7 V was applied to the 1 mM MeCN solution of DB 2þ − 0.1 M TBAPF 6 as supporting electrolyte and Ag-pseudo reference electrode was used. The spectrophotometric data (red trace in SI Appendix, Fig. S5 ) show a pair of visible bands at 470 and 514 nm in addition to the two NIR bands centered around 962 and 1,104 nm. The latter two bands were also observed in the SEC spectra obtained for the analogous MPV 2þ (SI Appendix, Fig. S6 )-yet the CV data of MPV 2þ alone suggests that the two redox centers in the analogue do not communicate, i.e., the absorption bands are not associated with IET. It is important to note that it is difficult to study the monoradical of DB 2þ on account of the instability and potential disproportionation that rapidly ensues. For example, the SEC spectra obtained for DB •þ in the SI Appendix, Fig. S5 were taken after the potential was applied for only a few minutes and the color of the solution was bright orange/red. After 10 to 15 min of applied potential (still at −0.7 V), however, the orange color disappeared completely and the clear solution yielded the black trace displayed in the SI Appendix, Fig. S5 , which can be assigned to the neutral species DB 0 based on the absence of the NIR bands.
With the knowledge of these data, it is reasonable to attribute the electrochemical and induced IET behavior of R 6þ to the switching of the CBPQT 2ð•þÞ ring onto the P-BIPY •þ unit of the dumbbell. We hypothesize this phenomenon is possible as a consequence of the noncovalent radical-radical interactions between the ring and the recognition unit, which results in the "flattening" of the torsional angle between the pyridinium rings of the P-BIPY
•þ unit as a result of increased π-orbital overlap and resonant delocalization of the unpaired electron. Recently, we reported (31) an analogous flattening event in the case of the trisradical CBPQT 2ð•þÞ ⊂ MV •þ inclusion complex (MV •þ ¼ radical cation of methyl viologen) wherein the torsional angles between all of the pyridinium rings decreased to almost zero. Furthermore, in the case of the trisradical CBPQT 2ð•þÞ ⊂ MV
•þ inclusion complex, there is normally a broad charge-resonance band centered around 1,075 nm that is attributed to throughspace electronic delocalization. In the extended viologen example, a similar band could be present but would not be visible as a result of the broad IET band centered at 1,365 nm for the RSCC that was used to predict k ET and ΔG ‡ . We suspect there may be some contribution to the IET band observed for this system as a result of this masked, through-space charge resonance interaction between the radicals of the CBPQT 2ð•þÞ ring and the P-BIPY •þ unit.
In order to further ascertain how well Marcus-Hush theory predicts the experimental kinetic and thermodynamic parameters associated with IET when the CBPQT 2ð•þÞ ring encircles the P-BIPY •þ unit, VT-EPR spectroscopy was conducted and the line broadening used to obtain the experimental rate constant k ET and the activation free energy ΔG ‡ for electron transfer.
VT-EPR Spectroscopy. The RSCC was obtained by treating a 1 mM MeCN solution of R • 6PF 6 with an excess of Zn dust and stirring vigorously overnight. The resultant green solution was analyzed by VT-EPR immediately after the mixture was filtered through a 0.45 μm Acrodisc. In order to measure accurately only the through-bond IET event, the experimental EPR spectra were ob-tained (Fig. 4) over a temperature range of 215-305 K, where any potential charge-resonance interactions that could arise between the CBPQT 2ð•þÞ ring and the P-BIPY 2þ unit were accounted for by subtracting the EPR spectrum of R 2þ2ð•þÞ at 275 K from the R 6þ spectra. The R 2þ2ð•þÞ spectra were obtained through electrolysis of R • 6PF 6 at a potential of −0.45 V so only the CBPQT 4þ ring was reduced to CBPQT 2ð•þÞ and no line broadening was observed over the temperature range of 215-305 K (SI Appendix, Fig. S9 ). In contrast, the VT-EPR spectra for R 6þ show the trend that, as the temperature is increased, the linewidth increases. This temperature-dependent line broadening can be used to detect dynamic electron transfer processes (14, 38, 39) and k ET can be calculated in the fast exchange regime, as suggested by the change in line shapes as the temperature is increased (SI Appendix). An Eyring plot (SI Appendix, Fig. S10 ) of the rate constants in Fig. 4 results in an enthalpic contribution of ΔH ‡ ¼ 1.04 kcal mol
and an entropic one of ΔS ‡ ¼ 0.10 cal mol −1 K −1 , which gives an activation energy for electron transfer ΔG ‡ ¼ 1.01 kcal mol −1 .
Comparing these values with those obtained using optical absorption spectroscopy, it is evident the optical determination of k ET at 298 K results in a value that is two orders of magnitude greater than the rate determined by VT-EPR spectroscopy at 305 K (4.40 × 10 9 s −1 vs. 1.33 × 10 7 s −1 , respectively), and the ΔG ‡ calculated by EPR at 305 K is 2.2 kcal mol −1 less than the ΔG ‡ determined (3.21 kcal mol −1 ) by using UV/Vis/NIR spectroscopy and Marcus-Hush theory at 298 K.
Although we hypothesize that these differences in the data may be attributed to charge resonance (radical-radical) interactions present in R 3ð•þÞ that could affect potentially the maximum absorption band observed at 1,365 nm in the optical spectra (Fig. 3A) , these interactions would not affect the linewidths in the EPR spectra and would therefore provide some explanation as to why lower kinetic and thermodynamic parameters were observed using the EPR data. Based on these observations, and taking into consideration that the intervalence system has the added requirement of noncovalent bonding interactions in order for IET to occur, the dynamic effects observed in the VT-EPR spectra provide a better representation of the true electronic behavior between the redox centers in the P-BIPY •þ unit when it is encircled by CBPQT 2ð•þÞ .
Conclusions
Many organic-based mixed-valence compounds have been studied since Marcus' theory on electron transfer was developed over 50 years ago. In many of these cases, the dynamic behavior of the electron exchange process has been investigated by modifying either (i) the covalent bridge between the two redox centers of interest, (ii) the counterions or solvents, and/or (iii) the substituents appended to, or near, the intervalence centers. In all of these cases, the modification of choice is one that cannot be turned on and off repeatedly during the same experiment. Here, we demonstrate the ability of a bistable [2] rotaxane to switch IET on and off in the monoradical of a phenylene-bridged bipyridinium (P-BIPY •þ ) unit through noncovalent bonding interactions that are enforced upon being enveloped by a CBPQT 2ð•þÞ ring. This reversible shuttling produces a dramatic change in the reduction potentials of the P-BIPY 2þ unit, which are shifted and split. Moreover, a broad Gaussian-shaped band centered at 1,365 nm appears in the optical absorption spectrum for the RSCC and can be equated to the Marcus reorganization energy λ that is required for electron transfer. Using this value for λ, the electronic coupling element H, as well as the activation free energy ΔG ‡ , can be predicted by applying the Marcus-Hush formalism. The accuracy of these predicted values were assessed by conducting variable temperature EPR spectroscopy on the RSCC, which revealed dynamic line broadening in going from 215-305 K. From these measurements, the IET rate constants and the activation free energy ΔG ‡ were determined at room temperature by applying Marcus-Hush theory to the optical absorption spectra and these values were compared directly to those obtained by monitoring the dynamic line broadening in the EPR spectra, where a more accurate determination of the kinetic and thermodynamic parameters can be achieved as a result of little to no interference from the radical-radical charge resonance interactions. This investigation adds a new dimension to the theoretical understanding and control of electron transfer in organic-based mixed-valence systems and will hopefully stimulate the design and development of more mechanically interlocked systems that use noncovalent bonding interactions to induce IET in order to increase our understanding of this fundamental process of electron exchange.
Materials and Methods
All reagents were purchased from commercial suppliers (Aldrich or Fisher) and used without further purification. Compounds 2 (29), 4 (26), 6 (26), and CBPQT • 4PF 6 (18) were prepared according to literature procedures. Chemical reduction was performed by treating the compound in question with an excess of Zn dust and allowing the slurry to stir vigorously for 24 hours in a glove box. Subsequently, filtration with a 0.45 μm Acrodisc filter was employed to remove the solid Zn and yield the desired reduced product. Both analytical and preparative high pressure liquid chromatography (HPLC) were performed on reverse phase-HPLC (RP-HPLC) instruments, using C 18 columns and a binary solvent system (MeCN and H 2 O with 0.1% CF 3 CO 2 H). Thin layer chromatography (TLC) was performed on silica gel 60 F254 (E. Merck). Column chromatography was carried out on silica gel 60 F (Merck 9385, 0.040-0.063 mm). UV/Vis/NIR absorbance spectra were recorded using a UV-3600 Shimadzu spectrophotometer. A 1 mM solution of R • 6PF 6 was prepared in MeCN with 100 mM TBAPF 6 and placed in a spectroelectrochemical cell with a platinum mesh working electrode, a silver pseudo-reference electrode, and a platinum counter electrode, attached to a Gamry Multipurpose Potentiostat. After reduction in the glove box, samples were loaded into quartz 1.4 mm tubes and attached to a Schlenk adapter. Samples were then frozen with liquid N 2 , placed under vacuum, and flame sealed. All samples were used immediately after preparation. EPR Measurements at X-band (9.5 GHz) were carried out at room temperature using a Bruker Elexsys E580-X EPR spectrometer outfitted with a variable Q dielectric resonator (ER-4118X-MD5-W1). Steady-state CW EPR spectra were measured at X-band using 2 mW microwave power and 2.5 G field modulation at 100 KHz, with a time constant of 5.12 ms and a conversion time of 20.48 ms. The EPR signal contributions of CBPQT 2ð•þÞ were deconvoluted from the EPR spectra of R 3ð•þÞ by manually aligning and subtracting a representative R 2þ2ð•þÞ spectrum collected at 275 K, which was held at −0.45 V for 30 minutes. Linewidths of both the original and deconvoluted spectra were calculated after performing 100-point adjacent-average smoothing. High-resolution mass spectra were measured on an Agilent 6,210 Time of Flight (TOF) LC-MS, using an ESI source, coupled with Agilent 1,100 HPLC stack, using direct infusion Fig. 4 . Variable temperature electron paramagnetic resonance spectra were recorded on R • 3PF 6 (R 3ð•þÞ , 1 mM in MeCN) in the range 215 to 305 K. The intramolecular rate constants (k ET ) for electron transfer were evaluated from the spectral linewidths at the different temperatures. The corresponding EPR spectrum for R 2þ2ð•þÞ at 275 K was subtracted from each of the spectra for R 3ð•þÞ .
(0.6 mL∕ min). Cyclic voltammetry (CV) and chronocoulometry (CC) experiments were carried out at room temperature in argon-purged solutions of MeCN with a Gamry Multipurpose instrument (Reference 600) interfaced to a PC. All CV and CC experiments were performed using a glassy carbon working electrode (0.071 cm 2 ). The electrode surface was polished routinely with 0.05 μm alumina-water slurry on a felt surface immediately before use. The counter electrode was a Pt coil and the reference electrode was a Ag/ AgCl electrode. The concentration of the sample and supporting electrolyte, tetrabutylammonium hexafluorophosphate (TBAPF 6 ) were 1.0 mM and 0.1 M, respectively. The CV cell was dried in an oven immediately before use, and argon was continually flushed through the cell as it was cooled down to room temperature to avoid condensation of water.
